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Abstract 
In the paper the analysis of the influence of fire load on class of cross-section of steel structural elements is presented. In the fire situation 
some cross-sections may have a different class than at room temperature. Special attention is focused on steel structural elements which 
are Class 3 at room temperature and Class 4 in the fire situation. The examples illustrate a steel element, which obtain different class of 
cross-section at room temperature and in the fire situation. The reduction of critical temperature and fire resistance time is also taken in to 
account. The structure under consideration pertains the steel beam, which is a part of the existing building in Poznan. In the paper, the 
comparison between fire resistance of the beam using simulation of fire in FDS software and procedure according to standard time-
temperature ISO curve is presented. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and peer-review under responsibility of the Vilnius Gediminas Technical University. 
 
Keywords: fire safety; class of cross-section; FDS; standard fire curve; critical temperature. 
1. Introduction 
Nowadays, fire safety is a very important aspect of the design process. Many years ago, co-operation between designers, 
firemen and experts of the fire protection was very difficult because of lack of the regulation and the relevant standards. 
After the introduction of EN 1993-1-2 [1], the cooperation has become more and more possible. Designers can easily 
determine the critical temperature and the time of the fire resistance of the element. The standard fire curve is used to 
predict fire resistance represented as fully developed fire in a fire zone. The curve does not take into account the size of the 
fire zone or the amount of combustible material. To take into account realistic parameters such as the size of the fire load, 
the speed of heat and ventilation rate, the natural fire model is applied. The characteristics of a natural fire include ignition 
and growing phase at very low temperature, a phase called pre-flashover, next a post flashover phase for which the duration 
depends on the fire load and the ventilation, finally a decreasing phase. A natural fire model for the structural fire design is 
assess using computational fluid dynamics methods (Computational Fluid Dynamics). Fire Dynamic Simulation program is 
commonly used to simulate fires. Model solves the Navier-Stokes equations related to heat flow. FDS is accompanied by 
Smokeview program, which provides a visualization of the calculations in the form of three-dimensional simulations. The 
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advanced calculation models take into account the changes of mechanical properties with respect to the temperature, 
potential failure modes including local buckling, combined effects of mechanical actions and geometrical imperfections. 
2. Problem formulation 
In structural designing in the fire situation, designers should pay a particular attention to possible change of class of 
cross-section due to a reduction of factor ε. Steel structural elements with Class 3 under normal conditions can change in to 
4th class in fire condition. For 4th class of cross-sections EN 1993-1-2 gives a critical temperature limit of 350 °C [1]. The 
difference in critical temperature between the element calculated with Class 4 and Class 3 may be more than 200° C. Fire 
protection of element with Class 4 requires significantly more resources than the Class 3. According to the Eurocode 3 [1-5] 
mechanical properties and design methods depend on class of cross-section. Eurocode 3 [1-5] defines four classes 
depending on parameter ε, yield strength at 20 °C, the slenderness of each separated wall of the cross-section and 
compressive stress distribution [6]. Parameter ε may be calculated from (Franssen, Vila Real 2010) [6]: 
 
y
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=  (1) 
where: 
fy - yield strength at 20°C, 
E – Young’s modulus of steel at 20°C. 
Equation (1) is used for carbon steel at room temperature [6]. The Young’s modulus and the yield strength at fire 
temperature are modified and Equation (1) must be modified to: 
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where: 
fy,Θ – effective yield strength at temperature Θ, 
EΘ – Young’s modulus of steel at temperature Θ. 
Equation (2) can be modified to equation (3) which is presented in EN 1993-1-2 2005 [3]: 
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where: 
ky,Θ – reduction factor for the effective yield strength, 
kE,Θ – reduction factor for the Young’s modulus, 
0,85 – constant value which replaces the ratio: 
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 (4) 
A comparison between constant value 0,85 and ratio Eq. (4) is shown in Fig.1. 
Fig. 1. shows that constant value is a good approximination for the range of temperature between 400°C and 800°C [6-7]. 
The advantage of using this simplification is that it prevents a small temperature increase in the range from 400°C to 500°C 
or from 700°C to 900°C, improving the classification from Class 3 to Class 2, and consequently increasing the sections load 
bearing capacity [7]. 
However, the main problem is, that constant value 0,85 may decrease the classification from Class 3 at room temperature 
to Class 4 in the fire situation. For design Class 4 all stability effects should be taken into account. 
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Fig.1. Ratio (4) as a function of the temperature [6] 
The another problem is that, the critical temperature for members with Class 4 of cross-sections is 350°C and it is the 
only default critical temperature given in Eurocode 3 [1-5]. Change of Class 3 in normal condition into Class 4 in the fire 
situation decrease the design resistance for bending, the critical temperature and the fire resistance time. The critical 
temperature for members with Class 4 is a limit value which cannot be exceeded even if calculations give higher. However, 
Eurocode 3 allows a more precise determination of the fire resistance time explained in Annex E [7]. Annex E gives in fact 
a simple calculation model for Class 4 of cross-sections [7]. This model is based on three basic concepts [13]: 
1. The same equations as for Class 1, 2 or 3 cross-sections in compression, for beams and for combined bending and 
compression, are used. 
2. In these equations, the area is replaced by the effective area and the section modulus by the effective section modulus 
in order to take local buckling into account. These effective properties are based on the material properties at room 
temperature.  
3. The design strength of steel should be taken as the 0.2 percent proof strength, for the resistance to compression, to 
shear, as well as to tension. This evolution of the 0.2 percent proof yield strength is given as a function of temperature in 
Annex E. It can be seen that the reduction is nearly the same as the reduction exhibited by the Young’s modulus.  
The reduction factors for the design strength of members with Class 4 are less than the design strength of Class 1, 2 or 3 
cross sections, because the design strength of steel should be taken as the 0.2 percent proof strength [7]. The difference 
between the reduction factor for the 0.2% proof strength (kp,0,2,Θ) and the reduction factor for the effective yield strength 
(ky,Θ) is presented in Fig. 2. Figure 2 shows that the largest differences are in the range from 200°C to 600°C, which covers 
the majority of practical situation. The effective cross-sectional areas of flat compression elements should be obtained from 
Table 4.1. of EN 1993-1-5 for internal elements and Table 4.2 of EN 1993-1-5 for outstand elements [5]. The effective area 
of compression zone of a wall with a gross cross-sectional area Ac should be obtained from [6]: 
 ρeff cA A=  (5) 
where: 
ρ – the reduction factor for plate buckling which dependent on the normalised plate slenderness which may be calculated 
from: 
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where: 
b – the width of plate, 
t – the plate thickness, 
ε – parameter, 
kσ – the plate buckling factor which accounts for edge support conditions and stress distribution. 
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Fig.2. Reduction factor for the 0.2% proof strength and reduction factor for the effective yield strength as a function of the temperature 
The question is, if it acceptable to use the critical temperature higher than 350°C using a simple calculation model even 
Eurocode 3 and national annex give 350°C, as a limit temperature [1-5]. 
3. The critical temperature and fire resistance time for members with Class 4 cross-sections.  
The critical temperature for members with Class 4 should be calculated using the iterative method. The iterative method 
involves the gradual increase of temperature with simultaneous verification the design resistance. 
For the analysis of the building structure, the increase of the gases temperature in a compartment under a fire is 
determined by the temperature-time curve [8]. Standard temperature-time curve is presented in Directives EEC 1994 [9] and 
in standard Eurocode 1 [10]. Standard temperature-time curve may be used to determine fire resistance of steel beam. 
Design according to prescriptive requirements based on the standard fire curve not represent the real thermal effect of a 
fire. The temperatures given by this curve always increase in time, without considering the limited fire load. 
4. Natural fire models 
The standard fire resistance required for structural members does not indicate the actual time for fire resistance of a 
building [11]. The most sophisticated deterministic models for simulating enclosure fires are computational fluid dynamics 
models [11]. A fire compartment is divided into a very large number of cells. The approximate number of cells depend on 
the compartment geometry, the accuracy required, and from a practical standpoint, the computer speed and memory 
especially [11]. The input data are usually the room geometry, room construction (all walls, floors and ceilings), number of 
vents and their sizes, room furnishing characteristics and fire data such as RHR curve, fuel characteristics, turbulence 
parameters and radiation parameters. The output date are the smoke and heat movements, prediction of sprinkler and fire 
detector activation time, time to flashover, temperatures in the domain, velocities, smoke layer height, and species yield 
[11]. Due to their complexity and the CPU time needs, computational fluid dynamics models are very little used for 
evaluating fire resistance of structures, particularly for fully developed fire. In the fire domain, the use of a field model is 
often reduced to specific cases with sophisticated geometry. Natural fire design may be used to obtain temperature of the 
gases at compartment and temperatures of the steel elements. It is very important to model detailed room geometry and steel 
elements. Cell sizes should be fine and calculate using FDS Mesh Size Calculator. The CFD model and results should be 
verified by experts of the fire protection. The cooperation between experts of the fire protection and designers is very 
important. Results should be documented in the report [12], [12a]. The following details of the modelling study should be 
included [13]: 
• name and version number of model used, 
• detail of sub-models used within the model, e.g. radiation, turbulence, combustion, smoke, and the assumptions they 
make, 
• all input date used, e.g. compartment dimension, wall materials, fire heat release, 
• all assumptions made to decide input data, 
• number of cells used in grid and their approximate sizes, 
• evidence that convergence is achieved throughout the simulation, 
• evidence that solution is insensitive to number of cells used and to time step size, 
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• demonstration of sensitivity to other parameters where not known accurately, e. g. fire growth rate, doors open and 
closed. 
A vehicle fire is one of natural fires and can be designed using the information from (Yuguang 2004). 
5. Engineering example 
Analyzed steel beam is the structural element of hall in Poznan. It is the main beam with static scheme presented in 
Fig.3. 
R R R R
5,67 5,66 5,67
 
Fig. 3. Static scheme of an analysed steel beam 
Fig. 3. shows reactions of roof beams which are loads for the main beam. Load is determined in the fire situation, which 
is classified as an accidental situation in EN 1990 [15]. The design effect of actions for the fire situation can be obtained 
using the combination of actions for accidental situation given in EN 1990 [15].  
Cross-section of the beam is IKS 900-12. IKS 900-12 is Class 3 at room temperature. It can be Class 4 or Class 3 in the 
fire situation depending on the accuracy of calculation of outstand flanges. Reduction the width of outstand flange by welds 
thickness prevents changing a class cross-section. 
Width-to-thickness ratio for an outstand flanges of the beam is presented in Table 1.  
                                                                  Table 1. Width-to-thickness ratio for an outstand flanges of IKS 900-12 
Situation c/t 14ε Class 
At room temperature 12,20 14,00 3 
In the fire situation  
(Welds are not included ) 
12,20 11,90 4 
In the fire situation 11,89 11,90 3 
 
Table 1 shows that a cross-section which has been classified as Class 3 at room temperature may be classified as Class 4 
in the fire situation. Accuracy of calculation of width-to-thickness ratio is very important. 
The beam was calculated as a Class 3 of cross-section and as a Class 4 of cross-section in the fire situation. The effective 
areas of flat compression elements was obtained from Table 4.1 of EN 1993-1-5 for internal elements and Table 4.2 of EN 
1993-1-5 for outstand elements [5]. The effective area of compression zone of a plate with a gross cross-sectional area Ac 
was obtained from equation 5. The effective area of IKS 900-12 is presented at Fig. 4. 
5 5
1
9
4
 
Fig. 4.The effective area of IKS 900-12 
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The minimum elastic section modulus Wel,min is equal 5379,31cm
3, whereas the minimum effective section modulus 
Weff,min is equal 4832,86cm
3. The section modulus of Class 4 is about 10% lower than the section modulus of Class 3.  
The critical temperature is determined for any degree of utilisation μ0: 
 a,cr 3.833
0
1
Θ 39.19ln 1 482
0.9674μ
⎡ ⎤
= − +⎢ ⎥
⎣ ⎦
. (7) 
According to EN 1993-1-2 [1] except when considering deformation criteria, the critical steel temperature Θa,cr at time t 
for a uniform temperature distribution may be determined for any degree on utilisation μo at time t = 0 using Eq. (7). 
However, PN-EN 1993-1-2 states that Eq. (7) can be used when buckling must be included [3]. It is very important to keep 
in mind, that Eq. (7) should not be applied for cross-sections in which buckling plays an important role. Consequently, Eq. 
(7) cannot be used for members with Class 4 when local buckling occur before reaching the yield stresses in one or more 
parts of the cross-section. In the example the critical temperature was found from Eq. (7) and compared with the critical 
temperature, which was calculated using the iterative method. 
The degree of utilisation members with Class 4 was obtained from equations below at time t=0: 
 0 fi,Ed b,fi,Θ,Rdμ M / M= , (8) 
where: 
Mfi,Ed – design value of a bending moment in the fire situation, 
Mb,fi,Θ,Ed – design value lateral-torsional buckling resistance: 
 b,fi,Θ,Rd LT,fi eff ,min p0.2.Θ
,
M χ W k ( )
y
M fi
f
=
γ
, (9) 
where: 
Weff,min - the minimum effective section modulus , 
kp0,2,Θ - the reduction factor for the 0.2% proof strength, at time=0 it is equal 1,0,  
fy – yield strength at 20°C, 
γM,fi – partial safety factor for the relevant material, property, for the fire situation, it is equal 1,0, 
χLT,fi – reduction factor for lateral-torsional buckling in the fire design situation, 
 LT,fi
2 2
LT,Θ LT,Θ LT,Θ
1
χ
Φ Θ λ
=
+ −
, (10) 
where: 
 2LT,Θ LT,Θ LT,Θ
1
Φ (1 αλ λ )
2
= + + , (11) 
 
y
235
α 0,65
f
= , (12) 
LT,Θλ  – non-dimensional slenderness for lateral torsional buckling in the fire situation, at time 0 it is equal LTλ , 
LT
λ  – non-dimensional slenderness for lateral torsional buckling at room temperature, 
 
p0.2Θ
LT,Θ LT
E,Θ
k
λ λ ,
k
=  (13) 
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kE,Θ - the reduction factor for the Young’s modulus, 
 
eff ,min y
LT
cr
W f
λ ,
M
=  (14) 
where: 
Mcr – elastic critical moment for lateral-torsional buckling which can be obtained from Annex Z1 of PN-90-B-03200 Steel 
structures, Design Rules [16]. 
The degree of utilisation Class 3 was obtained from the same equations as Class 4 but the minimum effective cross-
section modulus Weff,min was replaced by the minimum elastic cross-section modulus Wel,min and the reduction factor for the 
0.2% proof strength kp0,2,Θ was replaced by the reduction factor for the effective yield strength ky,Θ. Of course, at time 0 and 
at room temperature reductions factors for the yield strength are equal 1,0. 
The critical temperature secondly was calculated using the iterative method. The degree of utilisation μcr. which is equal 
0,99 was found. Equations (8) to (14), in which temperature was gradually increasing, were used to find μcr.  
The critical temperature determined for any degree of utilisation μ0 and μcr.of IKS900-12 is presented in Table 2. 
 
 
                                                                  Table 2. The critical temperature of IKS900-12 
Class μ0  
[-] 
Θcr (μ0) 
[°C] 
μcr  
[-] 
Θcr (μcr) 
[°C] 
3 0,47 594 0,99 576 
4 0,52 578 0,99 550 
 
The critical temperature of members with Class 3 is greater than the critical temperature of Class 4, because the 
minimum effective cross-section modulus Weff,min is higher than the minimum elastic cross-section modulus Wel,min and the 
reduction factor for the effective yield strength ky,Θ is higher than the reduction factor for the 0.2% proof strength kp0,2,Θ. 
Differences between critical temperatures determined for any degree of utilisation μ0 and critical temperatures obtained 
from the iterative method are relatively small, because buckling does not play a significant role in the resistance of the type 
of cross-section considered in the example. The critical temperature of Class 4 is 550°C. Eurocodes 3 states that the national 
annex may give default values for critical temperatures [1-5]. The only default critical temperature given in Eurocode 3 [1-
5] is 350°C for members with Class 4 of cross-section. Consequently, the critical temperature of Class 4 should not be more 
than 350°C. 
The fire resistance time is obtained from the procedure according to standard time-temperature ISO curve. The increase 
of temperature ΔΘa,t in an unprotected steel member during a time interval Δt may be determined from EN 1993-1-2 [1]. 
Calculation scheme for the fire resistance of the steel element is presented in Fig. 5. 
 
 
Fig.5. Calculation scheme for the fire resistance of the steel element 
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Fig.5. shows the fire resistance time of Class 3 of cross-sections is equal 10,5 minutes whereas the fire resistance time of 
Class 4 of cross-sections is equal 9,8 minutes when Annex E to EN 1993-1-2 [1] is used or 5,5 minutes, when default 
critical temperature given in Eurocode 3 is used [1-5].  
The increase of temperature ΔΘa,t in an isolated steel member by fire protection material during a time interval Δt may be 
determined from equation 4.22 from EN 1993-1-2 [1]. To obtain the fire resistance time which is equal 30 minutes is needed 
one gypsum plaster for Class 3 cross-section and two for Class 4 of cross-section. 
The temperature of IKS 900-12 Θm in the fire situation was also obtained from the natural fire simulated in FDS. The 
steel beam is a part of the existing building in Poznan in which fire of a city bus was simulated. The fire of a city bus is the 
most probable of all fires in the factory where buses are producing. Heat release rate was calculated as the arithmetic mean 
of heat release rate of bus, 20MW [17] and subway coach, 35MW [18]. The rate of heat release is a quadratic function of 
time and may be obtained from the equations presented in [19]. Heat release rate of the fire simulated is presented at Fig. 6. 
 
 
Fig.6. HRR of the natural fire simulated in FDS 
Fig. 6 shows that the maximum value of HRR is reached after 786s. The model of building was made in PyroSim 
Software [20] which is a graphical user interface for FSD and Smokeview and presented in Fig.7. 
 
 
Fig.7. The model of building in PyroSim Software [20] 
The model includes all walls, floors and ceilings, number of vents and their sizes. 
In the article the temperature of IKS 900-12 in the fire situation is presented in Fig.9.  
Fig. 8. shows that the temperature of IKS 900-12 in the natural fire of the city bus is less than the temperature of IKS 
900-12 which was obtained using from the procedure according to standard time-temperature ISO curve. 
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Fig.8. The temperature of IKS 900-12 in the natural fire and determined by the standard time-temperature ISO curve 
One can notice, that maximum beam temperature obtained after 30 minutes using the standard time-temperature ISO 
curve is higher than 800°C, whereas for natural fire model does not exceed 100°C. The differences are due to the following 
factors: 
• the building is huge and hot smoke can easily propagate, 
• the building has smoke vents and wide gates which open in the fire situation, 
• the analyzed beam is at 9 meter height, where the heat caused by bus fire is limited. 
The fire heat is the highest for the column located next to bus, presented in Fig.9. The fire experiment presented in [21] 
shows also that columns located close to the fire source are subject to higher temperatures than the ones located in distance 
from the fire. 
 
Fig.9. The temperature of elements 
6. Conclusions 
In the paper, it was shown that some types of cross-sections may have a different class in fire situation than at room 
temperature. Special attention was focused on steel structural elements which are 3rd class of cross-section at room 
temperature and 4th class in the fire situation. The paper shows that calculating procedures proposed in Annex E for 
members with Class 3 in normal situation and Class 4 in fire case, lead to critical temperature higher than 350°C and result 
in savings costs of fire protection. For example, if the required fire resistance is 30 minutes, then for Class 4 instead of two 
gypsum plate we can applied one. Therefore, designers should pay a special attention in determination of class by precise 
calculation of the slenderness of the cross-sectional walls. In case of welded girders, one can take into account the thickness 
of the welds, which results in decreasing the slenderness and in consequence lower class of cross-section. Other savings can 
be obtained using natural fire models. The results obtained based on natural fire curve may significantly differ from the ISO 
Bus 
Highest temperature 
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curve, which does not take into account the size of the fire compartment and fire location. Natural fire curve allowed to take 
into account the realistic parameters of fire load and predict more precisely the influence on structural elements. 
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